Innovative charge-exchange recombination spectroscopy ͑CHERS͒, motional Stark effect ͑MSE͒, and Rutherford scattering diagnostics are now in operation on the Madison Symmetric Torus ͑MST͒ reversed-field pinch ͑RFP͒. The CHERS diagnostic measures impurity ion flow and temperature, localized to 2 cm with high time resolution ͑ϳ100 kHz͒. A spectral MSE diagnostic has been in use for five years, measuring ͉B͉ down to 0.2 T with high precision ͑ϳ2%͒ and good time resolution ͑10 kHz͒. The Rutherford scattering diagnostic has demonstrated the robustness of this technique for reliable measurement of majority ͑D͒ ion temperature, also with high time resolution. MST is a large RFP ͑R = 1.5 m, a = 0.52 m͒ operated at moderate current ͑I p ഛ 600 kA͒, with n e typically ͑1-2͒ ϫ 10 19 m −3 and T e , T i ഛ 2 keV. Two compact and reliable diagnostic neutral beams are installed on MST. These beams are short pulse, intense, monoenergetic, and low divergence. The first, a neutral H beam, is used in combination with ultraviolet and visible spectroscopy to make the CHERS and MSE measurements. For CHERS, the C VI line at 343.4 nm is collected by a custom high-throughput double grating spectrometer which simultaneously records both charge-exchange and background emissions. The spectrum is analyzed using a sophisticated model derived from the Atomic Database and Analysis Structure ͑ADAS͒ package. The MSE system records the entire H␣ Stark spectrum; ͉B͉ is derived from the measured splitting of the + and − manifolds. Measurement of ͉B͉ is critical to accurate equilibrium reconstruction in the RFP. The second diagnostic beam is a 20 keV neutral He beam and is used for the Rutherford scattering measurements. A pair of neutral particle analyzers is used to record the energy spectrum of the small-angle Rutherford scattered He atoms.
I. INTRODUCTION
Fast dynamics dominate plasma behavior in the Madison Symmetric Torus ͑MST͒ reversed-field pinch ͑RFP͒. For example, most plasma parameters change dramatically during fast reconnection events ͑also called "sawtooth crashes"͒. 1, 2 Figure 1 illustrates the rapid increase of magnetic fluctuations, and drop of magnetic energy contained in the plasma, during a fast reconnection event. Typical time scales of interest during these events are 10-100 s, necessitating diagnostics with a temporal response on the order of 10-100 kHz. Development of a detailed physics understanding requires spatially and temporally resolved measurements of many plasma parameters. In particular, topics such as energy 3 and momentum 4 transport, the magnetohydrodynamic dynamo ͑ṽ ϫ B ͒, 2 and equilibrium reconstruction 5 require plasma temperature, flow, and magnetic field to be precisely measured.
To meet these measurement challenges on MST, we have developed innovative implementations of three diagnostic techniques: 6 charge-exchange recombination spectroscopy ͑CHERS͒, 7 Rutherford scattering, 8 and spectral motional Stark effect ͑MSE͒. 7 All of these diagnostics are "beam based," that is, they require injection of a neutral atom beam into the plasma, followed by collection of emitted photons or scattered particles. The characteristics of these diagnostics as implemented on MST are shown in Table I . Both the CHERS and Rutherford scattering diagnostics measure ion temperature and flow, the former of impurity ions ͑typically carbon in MST͒ and the latter of majority ions ͑deuterium͒. CHERS has superior spatial resolution, but both diagnostics have high time resolution ͑100 kHz͒. This temporal resolution capability is a distinguishing characteristic of the CHERS diagnostic on MST; typically such diagnostics are limited to ϳ1 kHz, although at least one example of a higher-speed implementation has been operated. 9 Besides the requirement for high time resolution, implementation of CHERS on MST has overcome the specific challenges of both high background light from the plasma and relatively low ion temperature.
Rutherford scattering on MST is a unique diagnostic for several reasons. Currently, there are no other operating Rutherford scattering diagnostics on fusion research devices; most recently the technique has been implemented on a magnetic mirror machine 10 and a tokamak. 11 The implementation on MST has much higher temporal resolution than these previous efforts and is the only Rutherford scattering diagnostic ever implemented on a RFP. Rutherford scattering is one of a small number of diagnostic techniques that directly measures the majority ions in a fusion research plasma; most techniques probe impurity ions, with the implicit assumption that impurity and majority ions are fully equilibrated on all time scales of interest.
The spectral MSE diagnostic on MST measures the magnitude of the magnetic field ͉B͉ in the center of the plasma. Typical implementations of MSE on high magnetic field ͉͑B͉ ജ 1 T͒ fusion research devices rely on polarimetry of the Stark spectrum to measure the local direction of the magnetic field. 12, 13 This technique is difficult to implement at lower fields, 14 so on MST we record the entire motional Stark spectrum and directly measure the component splitting in order to measure ͉B͉ down to ϳ0.2 T. This measurement of ͉B͉ is a strong constraint on plasma equilibrium reconstruction. 5 The advances made in beam-based diagnostics on MST are the result of the implementation of compact, highbrightness diagnostic neutral beams, and the construction of custom high-throughput spectrometers appropriate to the specific diagnostic. Thus, after a brief introduction to the MST RFP, this article is organized as follows: The general characteristics of the neutral beams will be described, then CHERS, Rutherford scattering, and spectral MSE as implemented on MST will be described in separate sections.
II. THE MST RFP
The RFP can be broadly defined as "toroidal plasma confinement with a low magnetic field." 15 The toroidal field of a RFP is typically ten times smaller in a RFP than in a similar plasma current tokamak. Like the tokamak, the RFP is a toroidal magnetic field configuration capable of confining a high-temperature plasma. However, unlike a tokamak where the toroidal magnetic field B is much greater than the poloidal magnetic field B , in a RFP B Ϸ B . Furthermore, in a RFP the toroidal magnetic field actually goes to zero and then reverses sign near the edge of the plasma. This magnetic field configuration is produced and sustained by conversion of poloidal flux to toroidal flux inside of a conducting shell, a process often referred to as the "RFP dynamo." 2 In other words, the magnetic field equilibrium is substantially determined by self-generated plasma currents. The RFP is a "spontaneous" configuration, arising from the "relaxation" of the plasma into a minimum energy state. Internal measurements of the magnetic field in the plasma are critical to equilibrium reconstruction, thus the importance of the spectral MSE diagnostic to measure internal ͉B͉.
MST is a large RFP with major radius R = 1.5 m, minor radius a = 0.5 m, and a thick ͑5 cm͒ aluminum conducting shell. 16 The aluminum conducting shell, in addition to serving as vacuum vessel, is the one-turn toroidal field coil. This means that diagnostic port access through the vacuum vessel is not hampered by large discrete toroidal field coils. Instead, diagnostic port access is strictly limited by the fact that large currents flow in the aluminum vessel, thus port size is restricted in order to minimize disruption of these currents. For example, the neutral beam used for CHERS is injected through a 5 cm diameter port, and the CHERS signal is collected through ports of the same diameter.
Typical plasma parameter ranges in MST are toroidal plasma current I p between 0.2 and 0.6 MA, ͉B͉ ഛ 0.5 T, electron density n e between 0.5 and 2.5ϫ 10 13 cm −3 , and electron T e and ion T i temperatures between 50 and 2000 eV. A typical plasma discharge is approximately 70 ms in duration, with a 20-30 ms "flat top" in which the plasma current is nearly constant and the plasma is roughly in equilibrium. Over 100 plasma discharges are often produced during a day of MST operation in order to collect large ensembles of data. Shot-to-shot reproducibility is good, enabling statistical uncertainty to be reduced by ensemble averaging measurements of fast reconnection events. 2 Diagnostics must be able to match a cycle in which data are collected at high rates for ϳ30 ms every 2 -4 min. 
III. DIAGNOSTIC NEUTRAL BEAMS
Two compact and reliable diagnostic neutral beams are installed on MST. These beams were constructed by the Budker Institute of Nuclear Physics in Novosibirsk, Russia and are the result of decades of development and improvement. 17 On MST, a hydrogen ͑H͒ beam with 50 keV atom energy is used for CHERS and MSE. This beam has a 20 ms pulse duration, well matched to the MST discharge flat top. It is a replacement and upgrade for a 30 keV, 3 ms pulse H beam that functioned extremely reliably for several years. CHERS and MSE results contained in this article were taken with both beams; differentiation is not made. The second beam on MST is a 20 keV, 3 ms pulse helium ͑He͒ beam used for Rutherford scattering. The common characteristics shared by the beams are low beam divergence ͑ϳ15 millirad͒, monospecies ͑Ͼ90% of the beam atoms are at the full energy͒, and monoenergetic ͑beam atom energy spread Ͻ1% of the full energy͒. These characteristics greatly simplify the implementation of CHERS and Rutherford scattering and are crucial to the successful operation of the spectral MSE diagnostic.
Neither beam produces a significant perturbation of the plasma in MST, as the absorbed beam power is typically a few percent of the several megawatts of Ohmic input power.
Each beam injector contains an ion source in which ions are extracted from a dense plasma created by a miniature arc discharge source ͑Fig. 2͒. The plasma from the source is allowed to expand into a large volume; this reduces its perpendicular temperature, thus enabling achievement of low beam divergence. The extracted ion beam is accelerated and focused by a compact ion optical system and neutralized by passing through a gas cell. The H beam as installed on MST is shown in Fig. 3 .
IV. CHERS
To date, the most successful tool for localized impurity ion measurements in fusion research plasmas is CHERS. 18, 19 CHERS is a two-step process:
͑nЈ , lЈ͒ + h. In the first step, a neutral hydrogen atom H 0 is injected into the plasma by a high-energy beam and charge exchanges with a ͑usually͒ fully ionized intrinsic impurity A +Z such as He, C, or O. The charge-exchange process typically leaves the impurity A +͑Z−1͒ in some excited state ͑n , l͒, which then radiatively decays, emitting a photon h. The wavelength of this photon is Doppler shifted from the line emission center by the thermal and directed kinetic motions of the impurity ion. Recording the Dopplerbroadened emission spectrum with an appropriate spectrometer allows determination of the impurity ion temperature from the width of the spectrum and the directed flow velocity of the impurity ion from the absolute shift of the line emission center.
We conducted an extensive survey of ultraviolet and visible transitions in MST to find an appropriate candidate for CHERS measurements. 7 The C VI transition at 343.369 nm is relatively strong, gives the largest charge-exchange signal/ background ratio of any line surveyed, and is reasonably well isolated in MST. "Contamination" due to O VI emission at 343.3 nm exists but is not a severe problem.
Although the C VI emission from charge exchange with the beam is strong, the background signal from the plasma is of the same order or larger in most circumstances. High background neutral density in MST results in substantial charge exchange of C +6 with thermal neutrals in the plasma; the C +5 ions thus created are excited by electron impact, and decay producing substantial background emission at the C VI transition of interest. In order to distinguish between beaminduced and background emissions, we have implemented a dynamic background measurement technique with two optical views through each viewing port: one intersecting the beam and one to the side. Figure 4 illustrates the implementation of this technique. The neutral beam is shown being injected perpendicular to the plane of the figure. The "beam view" intersects the beam, recording both beam and background emissions, while the "background view" is ϳ2 cm offset in the toroidal direction and does not intersect the beam. The position of the background view has been carefully adjusted so that it is as close as possible to the beam, yet does not collect charge-exchange emission. Collection of light from these two chords with the beam off indicates that the background emission recorded by both is nearly identical. 
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CHERS measurements can be made at eleven radial points on a poloidal cross section of MST ͑Fig. 5͒. The optical views are perpendicular to the neutral beam. This maximizes radial spatial resolution ͑ϳ2 cm͒, as the magnetic flux surfaces in the plasma are also perpendicular to the beam. Since only one high-throughput CHERS spectrometer has been built for use on MST, data are collected from one radial point at a time. However, a full radial profile of impurity ion temperature, T i ͑r͒, can be collected in a single day of MST operation by moving the viewing fiber bundles from port to port. A planned upgrade is the construction of several more high-throughput CHERS spectrometers in order to obtain real-time profile information.
The custom high-throughput CHERS spectrometer is the key to measuring fast impurity ion dynamics in MST and is described in detail in Ref. 20 . This spectrometer was completely designed and constructed in our laboratory. It is actually a duo-spectrometer, as it simultaneously records emission from both the beam and background views. Two separate fiber bundles transport light from the viewing port to the curved entrance slit, where one view fills the upper half of the slit, and the other view, the bottom half. The light is dispersed by two gratings in a Czerny-Turner layout. 21 This double grating design is required to obtain the dispersion necessary to allow wide slits, which in turn are necessary to obtain the étendue required to provide high throughput. The spectra at the exit plane of the spectrometer are dispersed onto columns of fiber optics, each column sampling a small ⌬ wavelength band of either the beam view or background view spectrum. Each column of fiber optics transports light to a photomultiplier tube, from which the signal is amplified and digitized by an independent digitizer channel. Each spectrum is dispersed onto 16 wavelength channels.
For CHERS analysis, the emission line shapes are modeled using Atomic Data and Analysis Structure ͑ADAS͒.
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Both the beam-driven charge-exchange and background electron-impact emissions are modeled. 23 Since the ion temperature in MST is relatively low, the thermal Doppler broadening of the C VI line at 343.369 nm is not substantially larger than the separation of the fine-structure components of this transition. Thus the amplitude and separation of these components are modeled with ADAS and the Dopplerbroadened sum calculated for both charge-exchange and electron-impact emissions of the C VI line. The contribution to background emission by O VI line emission is also modeled.
The beam-driven charge-exchange signal is derived from coupled fits of both background ͑from the background view͒ and total ͑from the beam view͒ emissions. The background contains only electron-impact emission, while the total emission has both the charge-exchange signal and electronimpact emissions. Direct subtraction of the background from the total emission, and then a fit of the remainder, is not as effective as coupled fits of each individually. The beamdriven charge-exchange spectrum provides localized measurement of the impurity flow and temperature.
V. RUTHERFORD SCATTERING
In a plasma diagnostics context, Rutherford scattering refers to the small-angle nuclear scattering of injected beam atoms by plasma ions. This small-angle Coulomb scattering process is basically mechanical, conserving energy and momentum. If the injected beam is monoenergetic, the energy distribution of the scattered atoms is determined by the velocity distribution of the ions. Thus, the ion temperature is determined from the measured width of the scattered atom energy distribution and the ion flow velocity from the shift of the energy spectrum. In the simplest case, a monoenergetic beam ͑of energy E 0 ͒ with zero angular spread, the energy spectrum of atoms scattered by an angle Ӷ 1 is approxi- well-known 1 / sin 4 dependence of the Rutherford scattering cross section͒. A complication arises for a real beam with nonzero energy spread and angular divergence, since in this case a detector at a fixed location observes atoms which have undergone scattering by a range of angles . The dependence in the scattering cross section then results in a nonGaussian spectrum. In addition, a real energy analyzer with a finite acceptance angle will record scatterings which have occurred over a finite volume, again with a range of . Nevertheless, a typical Rutherford scattering spectrum is recognizably Gaussian ͑Fig. 6͒ and is well fit by the type of model described in Ref. 8 .
In MST, a 20 keV beam of He atoms is used for Rutherford scattering. A He beam was chosen because of the high ionization threshold of He; the beam penetrates well into the plasma and, once scattered, the He atom is likely to reach the detector rather than be lost to ionization. The scattered He atom energy spectrum also has reasonable width and good shift of E c from the beam energy. The scattered atoms are detected by two 12-channel electrostatic energy analyzers, 8 which were designed and constructed by the Budker Institute. A cross-sectional view of the entire Rutherford scattering diagnostic installation on MST is shown in Fig. 7 . The axes of the two analyzers can be tilted or translated independently and can acquire spectra from two spatial points. A profile can be acquired by tilting an analyzer between shots, although typical operation is with the center of the beam and analyzer sight line at r / a Х 0.35. Resulting radial resolution is ϳ14 cm.
Rutherford scattering and CHERS are complementary diagnostics in several respects. CHERS has very good spatial resolution ͑ϳ2 cm͒ while Rutherford scattering is somewhat coarse. Rutherford scattering, however, measures majority ion properties while CHERS typically measures impurity ions. Both have excellent temporal resolution on MST. The ability to make both measurements simultaneously enables direct comparison of the rapid heating of ions that occurs during a fast reconnection event ͑Fig. 8͒. Both majority and impurity temperatures increase dramatically on time scales of 100 s, but the majority increase is substantially less than the impurity. This implies a charge or mass dependence to the heating mechanism and is valuable input to theoretical models of ion heating in the RFP.
VI. SPECTRAL MSE
In many low-field ͑Ͻ0.5 T͒ fusion research devices such as reversed-field pinches, magnetic mirrors, and spherical tori, the magnitude of the magnetic field in the core of the plasma is an important constraint for equilibrium modeling. In these devices the vacuum magnetic field profile can be greatly altered by dynamo, diamagnetic, or other plasma driven mechanisms. In order to measure internal ͉B͉ in MST, we have implemented a spectral MSE diagnostic. 24 Similar diagnostics have been installed on a tokamak 25 and a magnetic mirror. 26 This diagnostic requires a direct measurement of the entire Balmer-␣ motional Stark spectrum emitted by the neutral hydrogen beam atoms injected into the plasma. The beam atoms are excited by collisions with the plasma ͑primarily electrons͒, and the beam atom electron energy levels are Stark split by the motional electric field E = v beam ϫ B, where v beam is the directed velocity of the beam and B is the local magnetic field in the plasma. On MST, we measure the separation of the manifolds of the Stark-split Balmer-␣ line at 656.3 nm. This splitting is typically 0.2 nm or less for most plasma discharges in MST. Since the beam velocity is accurately known, the measured separation is directly analyzed to extract local ͉B͉. MSE is a relatively common tool for making internal magnetic field measurements in high-field ͉͑B͉ ജ 1 T͒ plasmas. The motional Stark manifold is composed of transitions ͑polarized parallel to the motional E͒ and transitions ͑polarized perpendicular to the motional E͒. For high-field fusion research devices with energetic neutral beams, the motional E is large ͑ϳ10 MV/ m͒ and the and components are spectrally isolated. Thus, some form of polarimetry can be used to obtain information on the magnetic field direction and magnitude. This works well provided the different polarization components do not overlap in wavelength space. This is generally not the case for low-field devices such as the RFP. 27 The individual components of the Stark manifold are broadened primarily by these effects: a beam which is not completely monoenergetic, finite beam divergence, and finite light collection volume. Deviations from a monoenergetic beam can be characterized by a finite parallel temperature of the beam atoms, while a finite perpendicular temperature of the beam atoms contributes to beam divergence. A finite perpendicular temperature can arise from perpendicular thermal energy of beam atoms and/or from geometric focusing by the ion optics. A finite light collection volume for beam emission requires a spread of observation angles, resulting in varying Dopper shifts for the collected beam emission photons. On MST, low beam temperatures and carefully designed optics resulted in a total line smearing of full width at half maximum ͑FWHM͒Ϸ0.1 nm for spectral MSE operation with the 30 keV H beam. With the 50 keV H beam, the smearing is currently greater than 0.1 nm, but the beam will be upgraded in the next year to reduce the beam divergence. This may allow the MSE diagnostic on MST to measure fields below 0.2 T, as the higher energy of this beam produces greater wavelength separation of the motional Stark manifold at a given magnetic field.
An alternative method for MSE measurement at low field is to reduce the effect of beam divergence and collection angles by effectively collimating the beam with laser induced fluorescence ͑LIF͒. 28, 29 In combination with a nearly monoenergetic beam, this technique may enable MSE measurement at very low fields. Figure 9 shows a typical Stark spectrum from MST. Each of the individual Stark components is fit as a Gaussianbroadened line with the relative amplitudes of the components fixed and set by a model assuming statistical population of the excited levels. 30 The fit model is
2 ͔, where C, i , and ⌬ are the fitted parameters. The amplitudes and wavelengths of the Stark components are a i and i , respectively, and ⌬ is the component broadening. From the component separation local ͉B͉ is derived to approximately 2% precision, with uncertainty determined primarily by photon statistics. Additional improvements in the accuracy of the measurement await further development of an atomic model for analysis of MSE data. This model will be a part of ADAS and will include both the Stark and Zeeman effects, fine structure, and a collisional-mixing population model. In particular, it is hoped that this model will fit the amplitude asymmetry apparent in the + and − manifolds ͑Fig. 9͒. This asymmetry is persistent in MSE data from MST and does not appear to be an experimental artifact. An illustration of the spectral MSE diagnostic on MST is shown in Fig. 10 . The neutral beam is the same one used for CHERS. Beam emission is collected with viewing chords at an angle of 22.5°to the beam axis, thus the Balmer-␣ beam emission is Doppler shifted several nanometers away from the background thermal Balmer-␣ emission from the plasma. The chords intersect the beam at the approximate magnetic axis of MST, which is shifted ϳ6 cm from the geometric axis. 5 Seven individual viewing telescopes are arranged in a hexagonal array. Inside each telescope is a Displaytech ferroelectric liquid crystal ͑FLC͒ shutter, and all telescopes but the central include a custom bandpass optical interference filter ͑Andover Corporation͒ centered on the Doppler-shifted Balmer-␣ beam emission. The FLC shutter is intrinsically a linear polarizer and is adjusted to pass vertical polarization so that primarily the components are recorded from the beam emission. Light from each of the views is fiber optically mapped onto an individual full-height entrance slit on the spectrometer. In other words, there are seven full-height entrance slits on the entrance plane of the spectrometer, each slit slightly horizontally displaced from the other. This arrangement enables each viewing chord to take advantage of the full étendue available from the spectrometer. The bandpass filters on six of chords prevent spectral overlap; the remaining chord passes two C II lines that provide in situ wavelength calibration of the spectrometer ͑Fig. 11͒.
The spectrometer is based on a commercial f / 6.5, 0.5 m Czerny-Turner ͑Acton Research Corp.͒ with an 1800 g / mm grating. The seven rectangular entrance slits ͑each 0.020 ϫ 14 mm 2 with a pitch of 0.864 mm͒ were etched into a mask of 0.0005 in. thick stainless steel shim stock ͑PCM Products, Inc.͒. This mask is mounted in an alignment fixture that replaces the stock entrance slit assembly of the spectrometer. The fiber optic bundle butted directly to the seven entrance slits is illustrated in Fig. 12 . The fibers are filled at approximately f / 6 by the viewing telescopes, and thus slightly overfill the spectrometer ͑the fibers preserve the f / # of the input cone of light͒. The detector is a charge-coupled device ͑CCD͒ camera ͑Princeton Instruments, Inc.͒. This camera has slow frame readout in order to obtain very low read noise. As a consequence, only one camera frame ͑with seven MSE spectra, Fig. 11͒ is obtained from every MST discharge. The FLC shutters are triggered sequentially during the CCD exposure, typically with individual shutter times of 100-300 s. This provides a short measurement sequence of ͉B͉ time development in the plasma ͑Fig. 13͒. For increased detail, an ensemble average of such events is acquired ͑Fig. 14͒. Note the expanded vertical scale of these graphs; relative changes of 0.01 T in ͉B͉ are easily measured.
Further development of the spectral MSE diagnostic on MST is in progress on two fronts. First, the CCD camera currently in use is being replaced with an electronmultiplying CCD camera ͑Princeton Instruments, Inc.͒. This camera has the possibility to record a complete frame every 1 -2 ms, with very low read noise. This mode of operation will allow all seven FLC shutters to be fired during each frame, producing repeated sequences of ͉B͉ time development throughout the 20 ms neutral beam pulse duration. This will enable must faster collection of data ensembles and provide nearly continuous recording of MST equilibrium evolution during the flat-top portion of a discharge. The second development in progress is the addition of another set of chords viewing a half-radius point in the plasma. Unlike the view of the MST magnetic axis, where B is completely toroidal, B at this point is a mixture of toroidal and poloidal directions. Thus both vertically and horizontally polarized beam emissions will be collected in order to enable accurate fits of the Stark spectrum and determination of the direction of B. 
VII. SUMMARY
Advanced CHERS, Rutherford scattering, and MSE diagnostics are routinely operated on MST to measure fast plasma dynamics. We have pursued a two-pronged approach to advancing beam-based diagnostics and overcoming the specific challenges of diagnostic implementation on MST. First, compact, high-brightness diagnostic neutral beams provide the necessary low beam divergence and monoenergetic atoms. Second, custom high-throughput spectrometers record sufficient emitted light ͑or sufficient scattered atoms͒ to enable precise high-speed internal measurement of ion temperature and flow, and magnetic field. New physics ͑some unexpected͒ has already been obtained, e.g., that impurity and majority ion heating differ during a fast reconnection event.
